A hydraulic servo actuator with passive compliance (HPCA) is designed for hydraulic actuated quadruped robots, aiming to solve the response discrepancy of the low-bandwidth servo valve to impact forces between robot's feet and the ground. This paper focuses on the performance of this passive compliance method combined with an active compliance control strategy when used on quadruped robots. First, the frequency-response characteristics of the HPCA are further discussed. Then, combined with the requirements of the quadruped robot, a compliant method characterized by incorporating dynamic feedforward control and joint angle feedback control items into the virtual model is proposed. Finally, both the new algorithm and the performance of the HPCA are verified by simulation and experiment. The results demonstrate that, compared with the original actuator, the frequency-response characteristics of the HPCA have better adaptability for the quadruped robot, while the efficiency of the active compliance control is also improved by this novel passive compliance strategy.
I. INTRODUCTION
In the wild or complex indoor environment, quadruped robots have demonstrated advantages that wheeled or tracked locomotion robots do not possess [1] , [2] . With the development of high-performance actuators and motion-control algorithms, considerable progress hase been made in the speed, stability and reliability of quadruped robots [3] , [4] .
Multi-gait operation and complex terrain adaptability are the main performance indexes of the quadruped robot. From zero-moment point (ZMP) [5] , [6] and the three-dimensional sway compensation trajectory [7] , the most commonly used static equilibrium methods, to the posture control and the center of pressure (CoP)-based trajectory generation method [8] , the quadruped robot has stepped forward from the statically balanced period to rough terrain locomotion. The three-parts locomotion algorithm proposed by Raibert [9] further promotes the motion control of the legged robot of a major step. This method innovatively introduces the concept of the The associate editor coordinating the review of this manuscript and approving it for publication was Jianyong Yao . ''virtual leg,'' and maintains the dynamic stability by selecting the virtual landing point in the loaded phase and adjusting the leg posture in the unloaded phase. The most famous quadruped robots, Bigdog and LS3, designed by the Boston Dynamic Co., are both considered to adopt this control algorithm. However, although with many advantages in dynamic locomotion, how to control the interaction forces between the robot's feet and the ground is not considered in the above methods. For the legged robot with a leg structure composed of rigid links, the impact force generated during dynamic locomotion is inevitable, which poses a great challenge to the leg components and actuators.
To reduce the impact during contact, many passive or active compliance methods have been proposed. One way of achieving passive compliance is to connect springs or other physical elastic components to the leg structure [10] , [11] , and another way is to connect some appropriate elastomer in series between the actuator and loads to form a serial elastic actuator (SEA) [12] , [13] or variable stiffness actuator (VSA) [14] , [15] . However, these methods increase the complexity of the structural design, as well as limiting performance owing to the stiffness characteristics of the elastic element. Comparatively, the active compliance control method shows better applicability, such as the impedance or admittance control [16] , [17] and virtual model control (VMC) [18] . These methods indirectly reduce impact forces by directly controlling the joint torque [19] , thereby improving the robot's adaptability to various complex terrains. Unfortunately, the effectiveness of active compliance control strategies is still subject to the responsiveness of the actuator to a great extent in practical application.
The dynamic performance of a hydraulic quadruped robot largely depends on the characteristics of the hydraulic actuation system, especially the hydraulic servo actuator. As a combination of a servo valve, hydraulic cylinder and various sensors [20] , [21] , numerous nonlinear factors make it difficult to create the precise control model for the hydraulic actuator [22] . Furthermore, due to the limitations of existing technology, development of a hydraulic servo valve with high performance for use on legged robots is relatively slow. Therefore, the responsiveness of the hydraulic servo actuator to impact is poorer than that of the torque motor. To solve this problem, a new integrated smart actuator (ISA) developed by Moog in collaboration with IIT [23] has been successfully applied to the quadruped robot. Its body is additively manufactured (AM) in a titanium alloy, allowing a very compact design with integrated flow paths and wire channels. In addition, the pressure surge in the working chamber caused by the impact force can be effectively limited due to the relief valve, thus greatly reducing collision. However, the output characteristics of the actuator still depend on the high-performance hydraulic servo valve. Meanwhile, for quadruped robots with rhythmic movements, this contact pattern with large energy consumption also reduces the energy efficiency to some extent.
To overcome the above limitations, a hydraulic servo actuator with passive compliance (HPCA) has been proposed [24] . It is characterized by using the accumulator to buffer the pressure fluctuations and to temporarily store the overflow caused by the impact. Furthermore, the additions of multiple auxiliary oil circuits and control valves also improve the output characteristics of the actuator. The main purpose of this paper is to study the performance of the HPCA used on a hydraulic quadruped robot that is controlled by compliant strategy. To estimate the feasibility of the HPCA used on the quadruped robot, the frequency response of the HPCA is first discussed. Next, an active compliance control strategy is proposed. Under the foundation of VMC, this proposed method introduces the dynamic feedforward control and angle feedback control items, and also adds a fixed compensation in the support phase to improve the compliance as well as the trajectory tracking accuracy. Finally, to verify the effectiveness of the HPCA and the compliant method, the simulation and experimental results are provided.
The rest of this article is organized as follow. In Section 2, the hydraulic servo actuator with original structure used by the SCalf robot and the HPCA are described. In Section 3, the frequency-response characteristics of the HPCA are discussed. In Section 4, the compliant control algorithm is proposed. The output performance of the HPCA is verified by simulation and experiment in Section 5 and 6, respectively. Conclusions and further work are presented in Section 7.
II. OVERVIEW OF HPCA
HPCA is an improved hydraulic driving device based on a hydraulic servo actuator with original structure used on quadruped robots. As can be seen from Fig. 1 , compared with the actuator with original structure, a micro accumulator is added to the piston chamber of the hydraulic cylinder as the main component for absorbing shock. The elastic cavity provided by the accumulator also reduces the pressure fluctuation in the working chamber to a certain extent. Meanwhile, to avoid cavitation in the ring chamber, a recharge oil circuit control by the check valve is added. Therefore, the vacancy caused by the retraction of the piston can be quickly filled by the oil from the return oil circuit through the check valve. The use of the transitional valve blocks makes the HPCA more compact, and it also effectively reduces the costs.
III. FREQUENCY-RESPONSE CHARACTERISTICS A. HYDRAULIC SPRING STIFFNESS
The natural frequency of the hydraulic dynamical mechanism is the major constraint on the maximum acceleration and deceleration that the system can achieve. It can be described as follows [25] :
where K h and M represent the hydraulic spring stiffness and total mass, respectively, of the piston and the load.
Since M is independent of the actuator's structure, only the hydraulic spring stiffness K h is discussed in this paper. As can be seen from Fig. 1 , V , P, and Q represent the volume, pressure and flow, respectively. The subscripts pis and r denote the piston chamber and ring chamber, respectively. x p is the piston displacement, and its first derivative of time is represented byẋ p . V g0 and P g0 denote the initial working volume and inflation pressure of the accumulator, respectively. Q ch is the flow through the check valve.
Regardless of the internal and external leakages, the pressure dynamics in the working chamber of the actuator with original structure ( Fig. 1 (A) ) can be described as follows [26] :
with
where β e is the effective bulk modulus of the system. x p0 is the initial position of the piston., and x stroke represents the total stroke of the hydraulic cylinder. According to Boyle's law [27] , the following relationship is met:
where V accu and P accu represent the volume and pressure of the compressed gasbag, respectively. n is the parameter determined by the working status of the accumulator. Under isothermal conditions, n = 1; under adiabatic conditions, n = 1.4. Differentiating P accu from equation (4) giveṡ
where Q accu is the flow rate at the port of the accumulator. When P pis > P g0 , the following conditions are met,
Then, the dynamic pressures of HPCA ( Fig. 1B) can be described as,
For an asymmetric cylinder controlled by a symmetric servo valve, the pressure in the ring chamber is generally large and the check valve is normally closed. Assuming that both chambers of the cylinder are closed and filled with high pressure oil (Fig. 2) , the pressure generated by the movement of the piston can be obtained by Eqs. (2)-(7). For the original actuator [27] ,
and for an improved actuator (the case which only n = 1 is discussed),
where x p represents the displacement of the piston. The restoring force of the piston can be obtained as follows: For the original actuator,
For the improved actuator,
Then, the hydraulic spring stiffness of the hydraulic actuator can be defined as follows:
For the original actuator,
where the minus sign indicates that symbols of f l and x p are always opposite. It can be seen from Eqs. (3), (12) and (13) that the hydraulic spring stiffness of the HPCA is no longer only the function of piston position x p , but is also affected by the working volume of the accumulator V accu . Since P g0 and V g0 have the almost same influence law on K h , only the hydraulic spring stiffness with different initial inflation pressure is discussed.
The results plotted with reference to the parameters listed in Table 1 are shown in Fig. 3 , and the working volume of the accumulator V accu can be set to 25% of the initial working volume V g0 , which is the minimum value allowed during normal use. Thus, the hydraulic spring stiffness of the HPCA shown in Fig. 3 can be regarded as the maximum value at each point. As can be seen from the curves, the addition of the accumulator significantly reduces the hydraulic spring stiffness of the actuator. The smaller the volume of the piston chamber is, the larger the difference of the stiffness between the original actuator and HPCA. As the initial inflation pressure of the accumulator is increased, the hydraulic spring stiffness of the HPCA shows no obvious variation. In addition, with the extension of the piston, the hydraulic stiffness of the HPCA exhibits a linear growth trend over a large stroke range. Meanwhile, since the working volume V accu varies with load, the HPCA also exhibits variable stiffness characteristics. Although the reduction in stiffness can improve the passive compliance of the actuator, it also slows the response of the actuator. The related effects will be verified in simulation and experiment below.
B. RESPONSE BANDWIDTH
The response bandwidth of the actuator can be obtained with the help of Advanced Modeling Environment for performing Simulation of Engineering Systems (AMESim). The most common configuration is to measure the displacement of the piston. The cylinder is fixed on one side with the rod free to move, and the sinusoidal signal with amplitude 0.036 m and frequency ranging from 0.1 to 100 Hz are given. The system pressure P S is set to 15 MPa. The parameters of the servo valve are shown in Table 2 . Figure 4 shows the resulting Bode plot for the piston displacement to the input signal. When the frequency is lower than 1.3 Hz, the output bandwidth of the actuator is not affected by the added accumulator. However, for the frequencies greater than 1.3 Hz both the amplitude attenuation and phase lag are reduced, and the output bandwidth of the actuator is increased. According to the line color sequence shown in the figure legend, the measured bandwidths (cut-off frequency) is 3.9, 4.2, 4.7 and 4.2 Hz, respectively. Figure 5 shows the flow and chamber pressure curves of the two type actuators, parts of which are enlarged. The piston displacement x p is magnified 57 times for reference. It can be seen from the flow curves that the addition of the accumulator does not significantly change the flow supplied by the servo valve (Q pis and Q pis (HPCA)) when the given signal frequency is low, and the flow supply capability is obviously enhanced with increasing frequency. The reason for such phenomena is that the addition of the accumulator effectively reduces the chamber pressure of the HPCA required by the piston motion. This is consistent with the frequency response of the actuators analyzed above.
IV. ACTIVE COMPLIANCE CONTROL A. LEG KINEMATICS
All the studies in this paper are based on Scalf, a hydraulic actuated quadruped robot designed in 2012 [29] . As can be seen from Fig. 6(A) , each leg of SCalf includes three rotating joints: two pitch joints used for flexion and extension (hip F/E and Knee F/E) at the knee and hip and a roll joint used for adduction and abduction at the hip (hip A/A). The hip F/E and knee F/E are the main contributors to foot trajectory implementation, and hip A/A is mainly used to adjust the attitude of the robot's torso. The main purpose of this paper is to study the performance of the HPCA with the compliant control strategy and not the attitude control of the quadruped robot in complex terrain. Thus, the actuators at the hip A/A can be ignored [30] . Since the leg prototype of SCalf is X style (hind knees pointing to front knees), the forward and inverse kinematics in hip coordinates are in the same form. Taking the front-right leg as an example ( Fig. 6(B) ), the position of the foot (O f ) in the reference coordinate system O 0 at the hip joint can be calculated as
where θ r1 and θ r2 denote joint angles of the hip and knee, respectively. Differentiating Eq. (14) yields
where the 2 × 2 matrix in equation (16) is the leg Jacobian J , and The relationship between the actuator's length and joint angle can be defined as follows,
Then, the effective lever arm of the actuators can be calculated as follows,
where θ τ 1 and θ τ 2 can be expressed as
respectively. Figure 7 shows the swing angles of the joints and actuators corresponding to the piston displacement. As can be seen from the curves, the actuators are almost non-rotating over the entire stroke length. Therefore, the influence of the actuators on the dynamics model can be ignored, and the mass is dispersed to the connected components on both sides. The dynamics model of the leg based on the Lagrange's method [31] can be expressed as follows:
B. LEG DYNAMICS
where M ( ) is the 2 × 2 mass matrix of the leg. V ( ,˙ ) is the 2 × 1 vector of the centrifugal and Coriolis forces. G( ) is the 2 × 1 vectors of the gravity. indicates the joint angles (θ r1 , θ r2 ), respectively. 
C. LEG CONTROLLER DESIGN
VMC is widely used because of the precise dynamic independent' parameters [32] . As shown in Fig. 8 , the foot can follow the planned trajectory under the virtual spring-damper forces between the initial point and target point. The desired forces can be established as
where k and B represent the stiffness and damping, respectively, The subscripts x and z represent the x and z axis, respectively. x d and x fed are the desired position and actual position along the x axis, respectively. v xd and v xfed represent the desired velocity and the actual velocity along the x axis, respectively. The same naming pattern can be used for in the z axis. Then, the transformation of the virtual forces to the joint torques can be realized as follows,
where τ vu and τ vd represent the expected joint torque at hip joint and knee joint, respectively. J T represents the transpose of J . For the conventional VMC algorithm described above, the improvement of the compliance capacity will definitely cause the accuracy of the trajectory tracing to decrease. Thus, the compliant method proposed in this paper introduces the joint angle feedback control and dynamics feedforward control items into the VMC, and then the desired joint torque can be expressed as follows:
In Eq. (25), τ v represents the torque calculated by Eq. (24). J T is a fixed compensation that is only applied in the supporting phase to compensate the weight of robot's torso. Since the velocity and acceleration of the joint angles in Eq. (22) are calculated by the kinematics of the leg and the planned foot trajectory, the accumulative error is inevitable because of the difference between the mathematical modeling and the actual system [33] . Moreover, considering that the leg is lightweight, G( ) in Eq. (22) is only taken and can be denoted as τ df . The torque calculated from the joint angle feedback control (τ θ ) can be described as follows:
The control schematic diagram is shown in Fig. 9 . The subscript des and fed represent the desired and feedback values, respectively. The actual length l fed and load f fed of both actuators are measured by displacement sensor and force sensor, respectively. Through the leg and joint kinematics we can get the desired and actual foot and joint parameters. The torque controller uses the general structure proposed by Zhang et al. [34] based on the linearized hydraulic actuator dynamics model. The desired joint torque τ des calculated by Eq. (25) is sent to the torque controller to generate the control signals i v that can drive the actuator to move. 
V. SIMULATION AND ANALYSIS A. SYSTEM MODELING
The electro-mechanical and hydraulic integrated system are all built in AMEsim [35] , as shown in Fig. 10 . In the model, the mechanical part is built by the planar mechanical library because of the symmetry of the robot structure, and the geometric parameters of each link can be obtained by computeraided-design software. The simulation method under the assumption that the robot is running straight with the trot gait [36] is used. The foot trajectory with duty factor β = 0.5 (the fraction of a cycle time during which the leg is in the supporting phase) can be described as follows and the curve with the proposed parameters is shown in Figure 11 . We have
where subscripts fsw and fsu indicate the swing phase and supporting phase, respectively. L, H , and T are the length, height, and cycle of the gait, respectively.
B. SIMULATION SETUP
The simulation can be divided into three groups according to the control strategy and actuator, as shown in Table 4 . The parameters of the virtual forces are shown in Table 5 .
The initial standing height of the robot is 0.58 m and the initial positions of each foot (O f in Fig. 6(B) ) relative to the respective hip reference coordinate system [O 0 in Fig. 6(B) ] along the x and z axis are set to 0 and -0.58 m, respectively. The mass of the torso is set to 110 kg, which is the same as that of SCalf. The parameters of the hydraulic cylinder are given in Table 1 and 2. The initial inflation pressure of the accumulator is set to 60 bar. Figure 12 shows the motion state of the robot by the displacement curve in the z direction (direction of gravity) and the velocity curve in the forward direction x. It can be seen from the results that the leg compression with the compliant algorithm is larger than the position control, but the fluctuation range of the torso in the z-axis is smaller. The range of the speed in the forward direction of the two algorithms is less differentiating, but the speed curve with the compliance control is smoother. All of the above illustrates that the movement of the robot with the compliant strategy proposed in this study has become more stable. Furthermore, comparing the curves of groups 2 and 3, it can be seen that the addition of the accumulator does not affect the trajectory tracing of the actuator.
C. SIMULATION RESULTS
The above results also prove that the reduction in stiffness has no effect on the ability of the HPCA to trace the given trajectory, which indicates that the HPCA has good practical value for the quadruped robot. Owing to the symmetry layout of the robot topology, the simulation results of the front-left leg can be only taken and used to analyze the output performance of the single actuator. The simulation data of the two gait cycles are shown in Fig. 13 . It can be seen from the results that the addition of the accumulator greatly reduces the pressure fluctuations in piston chambers without affecting the trajectory tracing ability of the actuator. Compared with groups 1 and 2, some abrupt change points do not appear on the pressure curves of the piston chamber (P pis ) of group 3, which indicates that the combination of the compliant algorithm and the HPCA gives the robot better compliance characteristics. This also can be verified by the contact force between the robot's feet and the ground, as shown in Fig. 14. Each curve is depicted at 0.8 s intervals. It can be seen from the results that the impact force of the group 2 is reduced 55% (from 1797 to 806 N) compared with that of group 1 and that of the group 3 is further reduced by 19.6% (from 806 to 647.9 N) compared with that group 2.
VI. EXPERIMENT AND ANALYSIS A. TEST BENCH AND CONTROL HARDWARE CONFIGURATION
Owing to limitations of the relevant devices, it is currently not possible to test the HPCA on a robot platform. Thus, 2 degreeof-freedom leg prototype for testing the characteristics of HPCA was designed, as shown in Fig. 15 . The test bench is mainly composed of beam I and II connected by slider in horizontal direction. The slider in vertical direction is mounted on the beam II and connects to the counterweight, so that the counterweight can only move in the vertical direction along beam II. The counterweight and hip are connected by bolts so that the leg can only swing in the x-z plane relative to the counterweight. According to the experimental setting, the lateral movement of beam II is limited.
The hardware architecture of the leg platform is shown in Fig. 16 . The main system is controlled by a set of Raco-9063 NI controller running on a UNIX-like real-time operating system. The analogy signals of position and force sensors are collected by a NI 9220 16-bit module at 1 kHz. The valves are controlled by a NI 9264 16-bit analog output module with a voltage-controlled current source circuit.
B. EXPERIMENTAL SETUP
The experiment was divided into a trajectory tracing test and passive compliance test, and can be carried out sequentially with reference to the simulation setup process. The position of the foot [O f in Fig. 6(B) ] is set to 0.65 m in the reference coordinate system [O 0 in Fig. 6(B) ] The stiffness and damping of the virtual spring in compliant method are set to 4000 N/m and 0 N/m/s in the x axis and 4800 N/m and 0 N/m/s in the z axis, respectively. The foot trajectory is written as follows:
where the frequency f can be set to 2 Hz, which is greater than the maximum operating frequency of SCalf (1.4 Hz).
C. EXPERIMENTAL RESULTS Figure 17 shows the experimental verification of the results of the active performance. Owing to the lack of a pressure sensor in the ring chamber, only pressure data in the piston chamber are displayed. As can be seen from the curves, the experimental data are basically consistent with the simulation data. The compliant control algorithm proposed in this study also makes actuators to maintain a better trajectory tracing accuracy compared with the position control and the addition of the accumulator does not affect the position response characteristic of the actuator when used on the single leg; on the contrary, the pressure fluctuation in the piston chamber of the HPCA is effectively reduced, which is advantageous for the force control. Figure 18 shows the results of the passive performance test. The experimental data also validate the results of the simulation analysis. The contact force f l is calculated from the force sensor mounted on the actuator. Compared with the position control, the compliant control proposed in this paper effectively reduces the impact force between the foot and the ground (from 804 to 705 N) and thus reduces the chamber pressure. Meanwhile, the HPCA provides a good passive compensation for the active compliance control strategy, which further reduces the impact force (from 705 to 660.9 N).
Because the range of the stiffness of the virtual spring (k x and k z ) is limited by many factors in the real system, some compression (about 0.025m) occurs after the leg is in contact with the ground, which is inevitable by the use of the compliant strategy, and this does not affect the stability of the legged robot.
VII. CONCLUSION
The HPCA is designed to improve the output performance of the original actuator used on legged robots and then to reduce the impact force between the robot's feet and the ground. In this paper, the frequency response of the HPCA is further analyzed to estimate the feasibility of the HPCA on the application of the quadruped robot. The results show that the hydraulic stiffness of the HPCA is significantly reduced, while the frequency-response bandwidth is improved compared with that of the original actuator. Then, the compliant control algorithm for the quadruped robot is proposed and used for verification of the output characteristics of the HPCA. The algorithm is based on virtual model control, and at the same time incorporates the dynamic feedforward control and joint angle feedback control items. Finally, the simulation analysis and verification experiments are carried out. The results show that the decrease of the hydraulic stiffness does not affect the responsiveness of the HPCA during dynamic locomotion of the quadruped robot on the one hand, while, on the other hand, the HPCA further improves the efficiency of active compliance control while ensuring trajectory tracing accuracy.
In the future, according to the pressure characteristics of static state and dynamic of the actuator and the trajectory characteristics of the quadruped robot with typical gait, we will further study the energy efficiency of the HPCA, hoping to find some useful information for setting of gait parameters. 
